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ABSTRACT: We recently showed that phase-pure molyb-
denum carbide nanotubes can be durable supports for Pt na-
noparticles in hydrogen evolution reaction (HER). Here we
characterize surface properties of the same Pt/B-Mo,C catalyst
platform using carbon monoxide (CO)-Pt and CO-Mo,C bond
strength of different Pt particle sizes in the < 3 nm range. Re-
sults from diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) and temporal analysis of products (TAP)
revealed the existence of different active sites as Pt particle
size increases. Correlation between the resultant catalyst ac-
tivity and deposited Pt particle size was further investigated
using water-gas-shift (WGS) as a probe reaction, suggesting
that precise control of particle diameter and thickness is
needed for optimized catalytic activity.

Early work of Levy and Boudart' indicated the platinum
(Pt)-like properties of transition metal carbides (TMCs), re-
sulting from their similarity to Pt in geometric and electronic
structures. Recent work has focused on replacing Pt with
TMCs in electrochemical devices, such as PEMFC and eletro-
lyzers.>5, Catalytic properties of TMCs, especially molyb-
denum carbide (Mo,C) and Pt/Mo.C, for low temperature wa-
ter gas shift (WGS) have also been investigated.6" Schweitzer
et al. reported the superiority of Pt/Mo.C catalyst over the ox-
ide supported catalysts and predicted that the WGS reaction
occurred near the Pt/Mo.,C interface, followed by computa-
tional simulation.” Using both ex situ and in situ x-ray absorp-
tion (XAS), Sabins et al found that the synergy between Pt-Mo
alloy nanoparticle and Mo,C was the cause for the enhanced
Pt/Mo,C activity.89 Despite the comprehensive investigation
on the origin of the enhanced catalytic activity of Pt/Mo,C cat-
alysts relative to bare Mo,C, there still lacks study on how the
size of supported noble metal, such as Pt, affects resultant
metal/carbide catalyst activity when: 1) both the TMC support
and deposited metal particles are in the nano-scale regime; 2)
the carbide support has pristine phase purity.

Chemical properties of supported metals can be attributed
to two effects: ligand and strain effect.’>3 Ligand effect results
from orbital interaction between a deposited metal and its

support, inducing electronic charge transfer at the interface,
while strain effect results from lattice mismatch. These effects
often result in d-band center shift and, consequently, changes
in metal-adsorbate bond strength and catalytic reactivity of
resultant catalysts.'4¢ Here we report a unique Pt/Mo,C cata-
lyst platform where phase-pure Mo,C nanotube was used as a
support, with Pt deposited onto the support in a rotary atomic
layer deposition (ALD) reactor.> Such atomic level size control
has only been achieved on oxide supports7*9 until recently.>°
In contrast to the mesoporous Mo,C structures used in open
literature,® which makes imaging studies difficult, the phase-
pure Mo,C nanotube in our recent study provides much-
needed detail of Pt lattice as Pt particle size grows from atomic
to 2-3 nm.2° Specifically, 15, 50 and 100 ALD cycles were chosen
based on pioneering work,* with resultant samples referred to
as 15, 50 and 100 Pt/Mo,C.

Table.S1 summarizes Pt mass loading, Brunauer, Emmett
and Teller (BET) surface area and Pt NP sizes. We note that
mass loading of Pt in 15 Pt/Mo,C sample was too small to be
detected using inductively coupled optical emission spec-
trometry (ICP-OES). Pt particle size measured by hydrogen
(H,) chemisorption increased from 0.2-0.3 nm in 15 Pt/Mo,C
to ~2 nm in 50 Pt/Mo,C sample and to ~2.7 nm Pt particles
size in 100 Pt/Mo,C, consistent with size measurement using
transmission electron microscopy (TEM) images (Fig.S2). It
should be noted that no H, adsorption was observed from bare
Mo.C samples, confirming that Pt are the only H, absorption
sites. Different from the raft-like Pt particles supported on
Mo.C reported by Schweitzer et al,* both TEM images and Pt
dispersion suggest that NPs of 50 Pt/Mo,C have smaller diam-
eter (2 nm) and are thinner than those in 100 Pt/Mo,C (2.7
nm). In other words, as the Pt particles grow in diameter with
increasing ALD cycles, their thickness also increases. While
TEM images qualitatively revealed this trend, the higher dis-
persion in 50 Pt/Mo,C (57%) than 100 Pt/Mo,C (41%) meas-
ured via H2 chemisorption quantitatively proved this observa-
tion. As shown in Fig. S3, 50 Pt/Mo.,C samples also have the
largest binding energy (BE) shift (0.70 eV) from Pt° (74.5 €V in
4f5,) among the 15, 50 and 100 Pt/Mo.C samples, indicating
strongest interaction between Pt NPs and the Mo,C nanotube



support.2° Mun et al 2> attributed the core-level shift to elec-
tron transfer between Pt atom and its support, often referred
to as ligand effect.”> We recently demonstrated that strain ef-
fect from the metal-support lattice mismatch is also responsi-
ble for enhanced electrochemical activity of resultant catalysts
(Fig.S4 and Ss).2° We hypothesize that smaller and thinner Pt
particles of 50 Pt/Mo,C possess more substantial amount of
sites affected by the strain-ligand effect than those in 100
Pt/Mo,C NPs. Thicker particles allow Pt sites on top surface to
be excluded from the strain-ligand effect.

To experimentally correlate the strain-ligand effect with Pt-
adsorbate bond strength for different Pt NP sizes, diffuse re-
flectance infrared Fourier transform spectroscopy (DRIFTS)
was utilized to characterize CO adsorption on Pt/Mo,C.19:23:24
Temperature programmed desorption (TPD) was carried out
for both bare Mo,C and Pt/Mo.C samples. Since all samples
are black powders, they were diluted to 1% (wt) in potassium
bromide (non-absorbing matrix) to ensure strong scattered
light signals. Fig. S6 provides the peaks for CO molecules ad-
sorbed on Mo,C sites (CO-Mo,C) as a baseline. For 50 and 100
Pt/Mo,C samples, two additional peaks were observed. A
unique peak at 2165 cm™ was observed with 50 Pt/Mo,C, which
was assigned to CO molecules adsorbed on cationic Pt atoms
(CO-Pt3+).9 A wide peak at low intensity (2030-2070 cm™) for
50 Pt/Mo,C was assigned to CO molecules linearly adsorbed
on Pte sites (CO-Pt°), while two separate peaks (2064 and 2087
cm™) were present for CO-Pt° bonds on 100 Pt/Mo,C surface.
The less significant peak at 2087 cm™ that appeared after 5 min
of He purging at 150°C was speculated to be the CO molecules
linearly adsorbed onto weekly coordinated Pt° at larger Pt par-
ticles >3 nm.>s
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Figure 1. DRIFTS results of CO-TPD under different helium
purging time and temperatures on: a) 50 Pt/Mo,C and b) 100
Pt/Mo.C.

We note that there is a lack of CO-Pt¥* signals from 100
Pt/Mo,C, compared to 50 Pt/Mo.C, indicating that thicker Pt
particles have substantially less Pt atoms impacted by strain-
ligand effect since Ptd+ sites are the results of strong ligand-
stain effect. In other words, the higher signal intensity from
CO-Pt3* than CO-Pt° in 50 Pt/Mo,C indicate that CO-Pt?* sites
dominated the electronic nature of Pt NPs, as depicted in
Fig.2a (left), which is consistent with the fact that 50 Pt/Mo,C
possesses the highest Pt dispersion (57%) summarized in Ta-
ble S1 and largest BE shift (0.70 eV) among all the Pt/Mo,C

samples (Fig.S3). In contrast, dominating amount of Pt sites in
100 Pt/Mo,C samples were not affected significantly by strain-
ligand effect as the particles grow thicker, except for those
along the peripheral interface and in the proximity with Mo,C
substrate (Fig. 2a, right). Consequently, CO-Pt° signals were
much stronger for 100 Pt/Mo,C than for 50 Pt/Mo.C, con-
sistent with the much lower BE shift from Pt° (0.22 eV) and
significantly lower dispersion (41%).
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Figure 2. Schematic of CO desorption process at different
temperatures for 50 (left) and 100 Pt/Mo,C (right).

CO bond strength to Mo,C sites provides another crucial
indicator of surface properties. For 100 Pt/Mo,C (Fig.1b), the
intensities of CO-Mo,C peaks decreased with longer helium
(He) purging time at 150°C, indicating the removal of CO mol-
ecules from Mo,C surface. This peak remained constant for
over 20 minutes for both 50 and 100 Pt/Mo,C till temperature
increases to 200°C. However, these two samples responded
differently with temperature increase. For 100 Pt/Mo.C, CO
molecules adsorbed on Mo.C sites were removed substantially
at 200°C, evidenced by the disappearance of CO-Mo,C peaks
(Fig. 1b). The intensity of CO-Mo,C peaks in 50 Pt/Mo,C sam-
ple only had a slight decrease when temperature increased to
200-250 °C and did not disappear until temperature increased
to 300 °C. We postulate that the strong strain-ligand effect in
the smaller and thinner 50 Pt/Mo,C NPs may have affected the
electronic structure Mo,C sites, possibly forming Pt-Mo alloy.?

Similar trend with temperature was also observed for CO-
Pt peaks. For 100 Pt/Mo,C, intensity of the linear CO-Pt®
peaks remained constant at 200°C, but significantly decreased
when temperature increased to 250°C and above, indicating
desorption of CO molecules from Pt sites, as depicted in
Fig.2a (right). It was also worth noting that these two peaks
red-shifted to lower frequency with He purging time and tem-
perature increase (dashed lines in Fig. 1b). This was attributed
to dipole-dipole coupling change between CO and Pt atom as
CO coverage decreased.92¢ The signal of CO-Pt° for 50
Pt/Mo,C is fairly weak, following a similar trend to 100
Pt/Mo,C with He purging time. When temperature increased
to 200°C, the signal further weakened to the noise level of
DRIFTS. However, the dominating CO-Pt3* signal from 50
Pt/Mo,C remained at 300°C and became sharper (Fig.1a), sug-
gesting that CO desorption temperature from Ptd+ sites is
above 300°C (Fig.2b, left).



To correlate the CO-Pt° and CO-Pt3* bond strength with
catalytic activity, temporal analysis of products (TAP) reactor
system?7 was used to carefully examine the effect of CO ad-
sorption/desorption on CO oxidation step (CO—CO,) by tem-
perature programmed CO pulse response experiments. One
advantage of transient experiments in vacuum is the higher
time resolution that enables observation of subtle processes
that could be missed in DRIFTS experiment. Following the re-
moval of surface species during pretreatment process (see ESI
for detail), the samples were exposed to CO pulses at room
temperature first. High CO retention, shown in Fig.3, was de-
tected for all samples with the greatest per pulse reaching 90%
for the 50 Pt/Mo,C sample. The CO molecules must be
strongly bound to the surface because no gas phase products
were detected. This enhanced CO interaction supports the
strain-ligand effect hypothesis indicated by the XPS and
DRIFTS results (Fig. S3 and Fig.1). CO also interacts with the
pristine Mo,C and 100 Pt/Mo,C sample at room temperature.
However, for these materials CO, production was observed
(Fig.3). Particularly for the bare Mo,C material, a CO, frac-
tional yield near 40% was detected. The carbon balance shows
significant CO retention on the surface for all materials (Fig.
4a). The pronounced CO, production at room temperature
from Mo.C and 100 Pt/Mo.C can be attributed to the forward
Boudouard reaction (2CO — C + CO,). Pulse response experi-
ments using CO isotopes are needed to definitively rule out
participation of the surface species. However, the participa-
tion of surface species is considered unlikely since sustained
CO, production, as shown in Fig.S7, was observed for all sam-
ples as pulses continued with temperature being slowly in-
creased at the same time.
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Figure 3. CO retention and CO, fractional yield when CO is
pulsed at room temperature in vacuum.

When observing pulse response shape such as those in
Fig.S7, the most obvious point of reference is the peak height.
Although the CO, production rapidly drops for the Mo,C sam-
ple (Fig.S7 a) in the initial pulses, indicating adsorption site
poisoning through carbon accumulation, it remains sustained
throughout the experiment. The carbon mass balance sug-
gests a significant amount of the pulsed CO is not detected in
the gas phase products and remains on the surface. A clearer
interpretation of the CO and CO, pulse response data is pre-
sented in Fig.4, with the CO retention in each pulse and the
CO, yield being indicated.
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Figure 4. CO retention (a) and CO, fractional yield (b) for
different samples.

All samples indicate an initial drop in CO retention when
temperature increased from room temperature to 50°C, which
could be attributed to site poisoning by C accumulation from
the forward Boudouard reaction. As the temperature in-
creases, however, there is a turning point (Fig.4a) where CO
retention begins to increase (near 50°C for Mo,C and 50
Pt/Mo.C, near 100 °C for 100 Pt/Mo,C). The CO, production
for the Mo,C sample continuously drops as the temperature is
raised and plateaued around 150°C. The 50 Pt/Mo,C sample
maintains CO retention (Fig. 4a) but does not indicate CO,
production until temperatures greater than 150°C are reached
(Fig.4b). At 200°C the CO retention is still high while CO,
production is low indicating that CO is strongly bound to the
surface in corroboration with the CO-Pt%+ peak for 50 Pt/Mo,C
in DRIFTS data (Fig. 1a). The fact that bare Mo,C support and
the 50 Pt/Mo,C catalyst does not behave the same for CO, pro-
duction suggests that the ALD deposited Pt NPs in 50 Pt/Mo.C
may have changed the electronic structure of the Mo,C sur-
face. The 100 Pt/Mo,C sample indicates unique behavior for
temperature dependent CO, production with a low tempera-
ture regime (100-275°C) transitioning to a higher temperature
regime (>275°C) where CO, yield is pronounced (Fig.S7c and
Fig.4b). This indicates the presence of distinct routes to CO,
formation through different active sites, consistent with XPS
(Fig.S3), HRTEM (Fig.S4) and DRIFTS results (Fig.2).

The particle size effect on catalytic activity was also investi-
gated under WGS conditions using catalysts loading of 400
and 100 mg (Fig. 5 and Fig. Sg). Both 50 and 100 Pt/Mo.C
showed significantly enhanced CO conversion, compared to
bare Mo,C nanotubes. 50 Pt/Mo,C generally required higher
working temperature, which is very pronounced in the tem-
perature range of 200-350°C and reflected by a slightly higher
apparent activation energy (E.) (55.8 kJ/mol) than that of 100
Pt/Mo,C (53.6 kJ/mol) (Fig.S8). We attribute this to the fact
that 50 Pt/Mo,C has more substantial amount of Pt atoms af-
fected by strain-ligand effect than 100 Pt/Mo,C. The stronger
bonding of CO-Pt3* required higher temperature to activate
the Pt®* sites, which resulted in lower WGS rate in 50 Pt/Mo,C
than in 100 Pt/Mo,C for low temperature range. However,
when temperature increased above 300°C, 50 Pt/Mo,C showed
~2.5 times higher WGS rate (0.82 mol CO/molpy-s) than 100
Pt/Mo,C (0.35 mol CO/molp-s). For the same reaction condi-
tions, similar WGS rate trend was observed for lower catalyst
loading (100 mg, Fig.S9).



a) 100% b)
Equilibrium _ TWGsso
9 = JWGSS0
4 TWGS100
80% r o= .
- ” 295.70%
= 100 _a‘.‘- I u30 PUMo2C
= Pt/Mo,C
£ 60% B 0 £ B00PUMO2C  232.70%
k- PtMo,C| O
g o, <
o ]
E 40% £
~ =
=} g 72.39%
© 20% | £
0% 0
100 150 200 250 300 350 200 250 300 350

Temperature (*C)

Temperature ("C)

Figure 5. The CO conversion (a) and WGS rate (mol
CO/molpes) (b) of Pt/Mo,C catalysts for WGS (12.5% CO-
37.5% H,0-50% N2 feed condition at 15000 h* GHSV).

To summarize, we demonstrated that Pt NPs deposited on
phase-pure Mo,C nanotube can be used as an experimental
platform for elucidating active sites and electronic structure
of both Pt and Mo,C. The Pt particle size change in the range
of < 3 nm not only resulted in core-level shift of the supported
Pt, but may also have changed the electronic structure of
nearby Mo,C sites, suggested by different CO-Mo,C bond
strengths between 50 and 100 Pt/Mo,C materials. The biggest
BE shift from Pte for 50 Pt/Mo,C materials was further corrob-
orated by evident CO-Pt3+* signal in DRIFTS and much higher
CO, production temperature in TAP results. WGS rates sug-
gest that there may be an optimal particle perimeter and
thickness that balances working temperature and activity. Fu-
ture study with X-ray absorption fine structure spectroscopy
(XAFS) combined with DRIFTS2® will facilitate further probing
of the interface between Pt NP and TMC support with the re-
ported Pt/Mo,C catalyst platform.
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